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Introduction
In recent years, China's HVDC transmission project has flourished, the transmission capacity has gradually become larger, the commutation failure is a common failure of the HVDC system, which affects both the transmission and the transmission at both ends [1, 2] . How to effectively judge the commutation failure is significant for suppressing the commutation failure.
Current research shows that the main factors causing commutation failure are abnormal voltage of commutation bus and increase of DC current [3] , but they can be attributed to the fact that the arc extinguishing angle is less than the critical arc extinguishing angle [4] , as well as the extension of commutation area [5] . In addition, the abnormal pulse triggering of commutation valve will cause commutation failure [6] . Up to now, there are many studies to determine whether commutation failures occur by using the minimum voltage at fault. However, in most cases, commutation failures occur only before the voltage has been lowered to the minimum. In addition, commutation failure has a certain probability [7, 8] . The classical criterion of arc extinguishing angle does not consider the increase of DC current, and some related literatures have been improved. Literature [9] considers that the increase of current after receiving AC fault is caused by the difference of DC voltage between rectifier side and inverter side, and introduces the change of DC voltage into the criterion of arc extinguishing angle. The literature [10] relates the voltage to the current by assuming constant power in the transient process and improves the voltage criterion of the commutation failure, but in fact the power fluctuation amplitude is relatively large after the fault [11] . Therefore, based on the PSCAD/EMTDC simulation platform, this paper will analyze the causes of DC current rise during the fault period, and make more accurate quantitative analysis in order to improve the accuracy of commutation failure judgment method, and introduce the concept of commutation voltage change rate, which is combined with the fact that DC current changes during the transient period. We find a way to judge commutation failure with commutation voltage change rate.
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Analysis of Transient DC Current in HVDC System
When commutation failure occurs to a lesser extent, the rise of DC current can be divided into two stages: the first stage covers the period from the beginning of AC fault to before both valves of the same bridge arm are turned on. This stage is mainly due to the rise of DC current caused by the decrease of DC voltage at the receiving end. In the first stage, the trigger angle of the sending end and the receiving end can be considered to be unchanged, which is close to the steady state; in the second stage, the time range is after the two valves of the same bridge arm (for example, both V1 and V4 are on), because the two valves on the same bridge arm are on, the DC side of the receiving end is equivalent to short-circuit grounding. The DC current rises rapidly, which is related to the impedance and control strategy of DC system.
The mathematical model of the DC system is Eq.1:
(1) In the form, dr r0 dr0 r r cr cr d , ,U , , ,X ,R , U l I  , respectively indicate the DC voltage measured by rectifier, the DC voltage of AC bus, the DC voltage whose trigger angle is zero, the trigger delay angle, the commutation angle, the commutation reactance, the equivalent DC resistance of the commutation reactance and the DC current; di i0 di0 ==, At the same time, the voltage at both ends is constant, and the power transmitted by the DC system is constant.
Next, we analyze the first stage after the failure of the receiving system. Receiving end commutating bus voltage i0 l after receiving terminal fault reduces to i1
l , it will cause the DC voltage 54 of the inverter side to decrease and the equivalent capacitance C to discharge. Because the time period to be considered is very short, the capacitor C can be equivalent to a DC voltage source, and the source voltage is equal to the steady-state capacitor voltage, c0 r0 dr0 The analysis of Figure 2 using the superposition principle has the following results:
(2) Eq.2 shows that the DC current at the sending end does not change during the first stage of transient after AC fault at the inverting side, and the capacitive current i on the inverter side is the rise of capacitance current. That is: 
Since the voltage of the actual capacitor can not be kept unchanged, the current change rate obtained by Eq.3 and Eq.4 will be larger, so a coefficient between 0 and 1 is needed to be corrected. c k 's specific value is related to various parameters of DC system and does not change with the severity of the fault (the value of Cigre-Benchmark model is about 0.78 ). The results of different fault levels are shown in Section 3.2. Figure 3 is an equivalent circuit diagram of the inverter side of the V1 side valve V3 during the commutation of the inverter side valve. As shown in Figure 4 ,  is triggering advance angle on inverter side,  is trigger delay angle. The commutation period is based on the following equation set out in Figure 3 : 
Analysis of Commutation Process Considering Transient State
Analysis of Commutation Process during Normal Operation
1 3 d 3 1 a c b c L L i i i di di u u dt dt + =    − + = − +   (6)
Analysis of Commutation Process Considering DC Current Variation
In the first stage, the rise of the HVDC system is very obvious after the AC fault occurs at the
it= is not set up, new analysis will be needed.
 can be combined with Eq.7: 
Transient DC Current Change Verification
In this paper, the Cigre-Benchmark model in PSCAD is used to validate the above analysis. Two faults are set up respectively, one of which can cause commutation failure and the other is not. Then the DC current increment at the receiving and sending ends of the DC system and the current on the equivalent capacitance of the DC line are measured and compared with the theoretical calculation value of the current increment.
240 three phase symmetrical fault is set on the inverter side, and 0.1s begins to end at 1.1s without causing commutation failure. The increment of each current is shown in Figure 5 below. I is the theoretical value derived from Eq.5. The theory mentioned above can accurately predict d D inv I in half cycle, and commutation failure always occurs within 0.005s after AC fault, so the theory mentioned above can meet the requirements when researching commutation failure.
100 three phase symmetrical fault is set on the inverter side, and 0.1s begins to end at 1.1s with causing commutation failure. The increment of each current is shown in Figure 6 below. , the first stage of current growth (1.0s~1.0033s) can be accurately predicted the increase of DC current on the inverter side. After 1.0033s, two valves belonging to the same bridge arm are connected at the same time due to the failure of a previous valve commutation, which is equivalent to the sharp increase of DC current caused by short-circuit grounding on the inverting side. In this case, the change of DC current is caused by many reasons and can not be accurately predicted.
From Figure 5 and Figure 6 , it can be found that the DC current on the inverter side increases approximately linearly over a certain period of time (approximately half a cycle without commutation failure and approximately before the valve on the same bridge arm is turned on when commutation failure occurs). Therefore, the actual current slope and rationality will be compared under different degrees of failure. On the current rate of change, the results are listed in Table 1 . 
Critical Voltage Change Rate Verification Resulting in Commutation Failure
In the Cigre-Benchmark model, three-phase faults are set up with different start time of short circuit (1.0s~1.01s, interval of 0.0002s) and different short circuit impedance ( 300~180  , interval of 5 ).
The voltage change rate of each simulation is calculated. The relationship between minimum arc extinguishing angle and short circuit impedance and voltage change rate is shown in Figures 7 and 8 respectively. It can be concluded from Figure 7 and Figure 8 that the minimum arc extinguishing angle varies with the voltage rate and the short circuit impedance similarly. With the decrease of the short circuit impedance and the voltage rate, the frequency of commutation failure increases from 0% to 100%. The combination of various factors, such as the start time of the fault, harmonics and so on, results in the boundary between commutation failure and non-commutation failure. In order to avoid the influence of harmonics to a certain extent, a cluster of samples with a fixed fault severity is selected. If the number of samples of commutation failure reaches 3 or more, the sample of commutation failure is considered to be commutation failure. The largest voltage change rate is the critical voltage change rate. Table 2 is a sample table of commutation failure with different severity (230~215Ω). It can be seen that the number of commutation failure samples increases gradually with the increase of the severity of the fault. When the severity of the fault is 220Ω, the total number of commutation failure samples exceeds 3 and the maximum voltage change occurs. The conversion rate is -3.788p.u. / s, and the critical change rate of commutation failure is -3.762p.u. / s obtained by formula 2-12, which is close to the actual value. 
Summary
In this paper, the cause of DC current rising in transient process is explained and quantified. The voltage change rate is used to judge whether commutation failure occurs or not, which effectively solves this contradiction. It is found that the main cause of DC rise in HVDC system during the initial period of time is the discharge of equivalent capacitance of the line, and the relationship between DC current change rate and the linear change of voltage change rate range at the receiving end in a certain period of time. In this paper, the commutation process of the inverters is analyzed in detail considering the transient change of DC current. Based on the critical commutation angle theory, the calculation method of the voltage change rate between commutation failure and non-commutation failure of the inverters is given.
